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SUMMARY

A method is presented for deciding whether Jjet-engine compressor
blades that have been nicked in service are safe from fatigue failure
with continued engine operstion. This method involves determining the
vibratory stress distribution of the blades near the leading and tralling
edges, and fatigue testing a number of blades with desmage inflicted in
the leboratory. A curve of limit vibratory stress (highest vibratory
stress for safe fatigue operation) against demage location is charted.
The maximum-vibratory-stress level of the blade in the engine i1s also
shown on this chart and is compared with the limit vibratory stresses.
From this curve the meximum safe vibretory stress, or the stress at which
no nick-dameged blade would be in danger of fallure by fatigue, can be
determined for these blades.

Predicted 1limit curves for a blade from a specific compressor rotor
were checked against the results of fatigue testing many of these blades
with nicks on the leading and tralling edges over a wide range of span
locations. In general, the fatigue test data were found to be on the
conservative side of the predicted limit curves with the worst fatigue
dats close to these curves. The method was thus Judged to be a realistic
eriterion for inspecting demaeged blades.

In addition, some ways of reworking blades with edge nicks were
studied. For the particulasr blades used in this investigation, the in-
crease in the fatigue strength of the damaged blades due to reworking was
found to be apprecisgble.

INTRODUCTION

The primary purpose of this investigation was to evolve a criterlion
for judging when a Jet engine must be torn down for compressor blade re-
placement because of blade life impairment resulting from foreign-object
demage. Indecision arises when the blades in a Jjet engine have suffered
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slight damage or when only a few blades in the engine have been damaged.
In the absence of factual data, the natural tendency in drafting inspec-
tion specifications is to be cautious and reject nearly all damaged

blades when in doubt.

As evidence that this lack of data results in more blade replacement
and reworking than 1s absolutely necessary are the many engines where
blade damage 1s first discovered at normal overhaul; some of the blades
in these engines have undoubtedly cperated many hours after sustaining
the damage. A good hasis for inspecting blades could provide substantial
savings of money spent every year for overhauling engines and rejecting
damaged blades that elther represented no danger to the aircraft or could
have been reworked to remove the deleterious effect without complete dis-
assembly of the engine. Part of this cost is due to the fact that many
axlal-flow engines are so constructed that speclal presses are required
to disassemble and reassemble the compressor and that these presses are
usually found at only a few major overhaul bases in the country.

If the safety of the crew and alrcraft is to be welghed intelli-
gently against the cost of rejecting or reworking damaged blades, there
must be more accurate information available than that Included in the
present inspection specifications. Thls information should give recog-
nition to the fatigue strength, nick location, and notch sensitivity of
the blade material and to the vibratory stress level of the blades during
engine operation. - Since most compressor hlade materials are relatively
ductile, nicks would have no stress-raising effect on the steady-state
stresses and, if no vibrations were present, would not adversely affect
the lives of the blades. Even moderate vibrations might not be dangerous
to damaged blades if the endurance 1limit of the blade materisl 1s high
and the notch sensitivity is low.

The 1nvestigetion reported hereln was designed to devise an econom-
ical method by which the fatigue strengths of nicked blades could be de-
termined and compared with the maximum-vibratory-stress level measured
for the blades in the engine. 8Such s method would take into account the
location, slze, and stress-concentration effect of the damage, and the
fatigue strength of the material. Experimental work included strain-gage
measurements of the vibratory stress distribution in the blades, labora-
tory infliction of nick damage on blade edges, and fatigue testing of
these blades. On the basls of the experimental results, a limit-
vibratory-stress chart for the demaged blades was constructed. As s cor-
ollary of this work, some means of reworking nicked blades were studied.
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The method of predicting demaged blade strength was verlified by
Patigue testing first-stage compressor rotor blades from a widely used

axial-flow engine.

DEFINITIONS

Specific terms used in this report are defined as follows:

Criticel-edge location

Critical point

Iimit stress

Iocal stress

Nomlinal stress

Safe vibratory stress

Stress concentration factor

location of maximum vibratory stress along
edge of an undamasged blede.

location of maximum vibratory stress in an
undamaged blade.

maximim-vibratory-stress level st which the
blade can be run without failing at any
given demage location for a desired num-
ber of cycles of vibration. This stress
will always be measured at the critical
point for present report.

peak vibratory stress at damage location.

ribratory stress at a damage location that
would exist if dsmage were not present.

meximum vibratory stress at which & blade

will not fail at a given number of cycles,

regardless of where it is damaged; also
the limit stress for the worst damage
location. This stress will always be
measured et the criticsl point for pres-
ent report.

local dlvided by nominal stress.

BASTS OF METHOD

At first consideration, the quantitative determination of the effect
of blade damage might appear to involve a large smount of testing, since
the type, shape, and location of the demage should be included. Fortu-
nately, reasoneble assumptions can be made to reduce enormously the amount
of testing involved and still produce sstisfactory evalustions with re-

spect to engineering.

A Pirst simplification is to limit the study to nicks that occur only
on the leading or trailing edges. Reference 1 reports that any damage on
the pressure surfaces away from the edges did not adversely affect the
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fatigue 1life. This fact is primarily due to the lower vibreaetory stresses
on the pressure face, which 1s closer to the neutral axis for bending
vibrations (because of the blade camber) than are the edges or high cam-
ber region of the suctlon face. Damage on the suction surfaces is ex-
tremely rare. Dents are not considered herein because, slthough they do
affect the fatigue strength, 1t was found in reference 1 that dents can
be straightened and most of the lost fatigue strength restored.

A second simplification is to select & standarized nick for evelus-
tion of demsge. While the type of nicks encountered in practice vary
considerably in shepe, depth, and Jaggedness; the previous investigation
(ref. 1) has indicated that these factors are of secondary importance in
affecting the fatigue strength of the blade once a reasonable size of
nick has been inflicted on the blade. TFor exsmple, the stress-
concentration factor due to the nicks was found to vary little for depths
ranging from 0.030 to 0.100 inch. It 1s not practical to study large
nicks, since the impact energy needed to produce them is likely to cause
instantaneous fallure of the blade in the engine, or at the least to de-
form the blade to such an extent that it must be replaced because of
aerodynamic considerations. This investigation was confined to small
nicks up to =& l/ls-inch depth, since these nicks are the most common type
of foreign-object damsge to blades.

A third simplification arises because a nlck of a given shape will
produce the seme stress concentration at a particular stress, regardless
of the locetion along the leading or trailing edge. In most compressor
blades, there will be g size effect due to the teper, but this effect
should be small. Thus, if the dameging effect of a nick is evaluated at
one point along the leadlng edge, its effect at another point can be de-
termined from a consideration of the nominel stresses at the two points
vwhen the blade ig vibrating st a given tip amplitude. In practice, in-
stead of measuring the tip deflection, the stress at the critical point
necessary to attain this tip deflection will be measured. An integral
part of the program, therefore, lnvolves an experimental determination of
the nominsl-vibratory-stress distribution along the leading and trailing
edges and the relsting of these stresses to the critical point.

On the baesis of the foregolng assumptions, 1t follows that a rela-
tively small amount of experimental evaluation of the effect of nicks in
a single location, coupled with an analytical extension of these results,
can completely predict the effects on blade fatigue life of nicks at any

edge locatlon. First, however, a criterlon must be determined for telling
whether or not a blade is damaged by the presence of a nick. In most com-

pressor blades, the normal point of fallure of freely vibrating blades
without nicks 1s on the suction surface at a polnt of maximum cember.
Thus, while a nick at this locatlion would always be deleterious to the
l1ife of the blaede, nicks that occur in other locations would not be dam-
aging 1f the blaede continued to fall at the critical point. Only if the

og6d
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stress concentration of the nick causes the local vibratory stress to
exceed the vibratory stress needed for failure at the critical point in
an undamaged blade under the same exciting force would failure result at
the nick and thereby damage the blade. If the nick is in such a location
that, even with 1ts stress concentration, the resulting local stress
under vibration is still lower than that at the critical point, there is
no need to reject the blade because of the presence of the nick.

The basls used in this report for evaluating the damage effect of
nicks is a chart that essentially differentistes the regions of the blade
where nicks can cause premature feilure from those regions in which the
presence of nicks would not affect the blade 1life. For most applications
the charts will be designed for the blade to withstand an infinite number
of cycles of vibration, since in the majority of engines, particularly
for manned aircraft, the blade will ettain 107 cycles before the first
overhaul. For the blades studied in the present report, only an infinite
blade life was considered in constructing the charts. The curves obtained
thus far are independent of the vibratory stresses at which the blades
operate in the engine. The vibratory conditions in the engine now are
compared with the damage curves from the laboratory fatigue tests and,
on the basis of the comparison, the decision to accept or reject the
blades 1s made. The fatigue strength of the blades can sometimes be in-
creased by reworking the nicks; for these cases new curves can be con-
structed by the same procedure. Usuelly the most critical mode of vibra-
tion in compressors 1is first bending, and the blades used in this investi-
gation were vibrated in this mode. It is possible that in some cases the
mode in which a blade has its most critical vibrations in an engine is
other than first bending. This will not affect the method reported
herein as long as the blades asre vibrated under the same conditions in the

laboratory.

No tensile loads simulating the steady-state stresses in the engine
were added in the vibration tests. At the speeds at which the maximum
vibrations normally occur in engines, the steady-state stresses are low.
The effect of the steady-state stresses on the fatigue strength is taken
into account by means of s Goodman diasgrem (ref. 2).

USE OF LIMIT CHARTS

The final result of this method is & charit showing the maximum
allowgble vibratory stresses gt various span locations along the lead-
ing and trailing edges for a range of nick depth. As an example, a
chart is shown in figure 1 with two limit curves. Curve 1 is for blades
nicked at the edges; curve 2 is for the same nicks reworked. The hori-
zontal lines represent hypothetical meximum-vibratory-stress levels meas-
ured at the critical point of the airfoils in a vibration survey of the
engine conducted under the most severe engine opersting condition. These
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stresses should be based on the most severe of the vibratory surveys of
four or five engines of the same model, since there is likely to be some
variation among engines. The vibration surveys could be run elther by
the engine manufacturer or the major overhsul bases.

The use of the limit charts can be illustrated from figure 1. If
A is the vibratory stress level that the blades reach in engine opera-
tion, an inspector could pass safely all the demaged blades, since the
1line is below both curve 1 and 2. For vibratory stress level B, he
would require reworking of all blades with damsge in the range between
locations v and w on curve 1 and would pass all others without re-
working. For vibratory stress level C, he would rejlect all blades
dameged between locations x and Yy, since the rework limit curve falls
below the line in this region. Between y and 2z the demage can be
reworked, and beyond z the demaged blades should be accepted without
reworking. The charts can be further refined by having two sets of limit
curves: one for normal long time engine operatlion and the other for
short time operation under certain emergency conditions such as in a com-
bat zone where, in the interests of maximum utilization, higher blade
stresses for a short period of time can be tolerated.

PROCEDURE FOR OBTATNING LIMIT CURVES

The step-by-step procedure for obteining limit curves 1s described
as follows:

(1) Find the location of the maximum vibratory stress in the un-
demeged airfoil by vibrating several blades to failure. The maximum
stress or Ffaellure location will be known as the critical point throughout
this report and, except for the nominel and local stresses at the nick,
all stress levels will refer +to this point. Any other point could actu-
ally be used as a reference, but the critical point was chosen since it
is the most informative to the engineer.

(2) Mount & strain gage on another undemeged blade at the critical
point and measure the stresses for different tip amplitudes of vibration.
Plot a curve of tip deflection agasinst vibratory stress. From this curve
the vibratory stress level for any other blade can be closely approximated
merely by measuring the blade tip deflection.

(3) Mount a series of strain gages spanwise, as shown in figure 2,
on both the pressure and suction faces as close to the leading and treil-
ing edges as possible. Measure the vibratory stress distribution in the
spanwise direction at the edges for eny tip deflection. These edge
stresses will, henceforth, be called nominal stresses. The ratlo of the
nominal stress to the stress at the critical point 1s then plotted against
spanwlse location. This stress distribution will remsin the same as long
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as the stress at every location is within the elastic range. There will
be two curves (pressure and suction faces) for each of the edges; only
the one that gives the largest stresses for each edge wlll be used.

(4) From the nominal stress curves of step 3, the edge location
where the largest vibratory stress occurs can be determined. Nicks
should be inPlicted at this location to a reasonsble depth (greater than
0.020 in.). These blades are then fatigue tested at various blade vibra-
tory stress levels (as measured at the criticsl point), and a curve is
drawn at the lower 1limit of the scatter in order to allow for the worst
possible conditions. The fatigue limit or safe stress level, at which
the blade will not fall, i1s the flat portion of this curve. In the pres-
ent investigation the blades were fatigue tested to 108 cyecles before
tests were discontinued, if the blades had not falled in that time.

(5) Plot a chart of limit stress esgainst location, with & line rep-
resenting the maximum vibratory stress that the blade will experience in
the engine drawn horizontally across the graph. The equation for the
1limit stress is:

Snominal
: Seritical e
S1imit,x = Slimit,e (1)
? ? (Snominal )
Scritical x
where
S1imit,x limit vibratory stress (measured at critical point)
for nick at any location x
81imit,e limit vibratory stress (measured at critical point)
for nick gt critical-edge location
S
(sEQEEEEE_ ratio of nominal vibratory stress (at location x
critical/y 4y e or at critical-edge location) to vibratory stress

at criticsal point

This equation follows from the assumption that, 1f the stress-
concentration factor due to the nick has been evaluated at one location
for a certein nominal stress, it must be the same at any other nick loca-
tion if the same nominal stress is reached. Thus, the limit stress for
each point is a function of the tip deflection required to reach that
nominal stress. Instead of actually measurlng the tip deflection, the
stress et the critical point for that deflection is being measured. The
ratlio of the limlt stresses for the two nlick locations is merely the
ratio of the respective stresses at the critical point required to give
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- the same nominal stress at each nlck location. The safe stress level

(814mit,e for an infinite blade 1life) is found from step 4 and
S

nominal
(§‘“""“:) from step 3.

critical/y op e

In some cases it might be desirable to have limit curves based on &
finite blade life, that is, some number of cycles to failure to the left
of the knee of the B8-N curve plotted from the data from step 4. Equa-
tion (1) will still epply for this case except that S14mit,e’ instead

of being the safe stress level, will be the vibratory stress that will
glve the finite blade 1life that 1s regquired.

(6) Repeat step 4 Por reworked damage. The reworking csn be accom-
plished by fillng out a generous radius to the deepest penetration of
the nick with all corners in this noteh rounded off. The filed-out area
should be finished by polishing. The remainder of the procedure is the
same; the rework limlt curve should alsoc be plotted on the limlt chart.

(7) On the 1limit chart, plot as a horizontal line the maximum-
vibratory-stress level (at the critical point) the blades undergo during
engine operation, as determined from vibration surveys of the engine
model. This vibratory stress level should be corrected, as explained
later, for the effect of the steady-state stresses on the fatigue strength
of the dameged blades. The intersection points of the horizontal line
with the limlt curves determine in which regions demage can be tolersated.

APPARATUS

The blades used to verify the method were designed for use in the
first compressor rotor stage of the same production Jet engine considered
in reference 1 and were new when recelved. The blade material, which had
an average hardness of Rockwell C-21, was not the seme as that used for
the blades of reference 1; the chief difference between the two materials
is in the fatlgue strength and notch sensitivity, both heing higher for
the blades used in thls investigation. The S-N curve for the blade
materiel used herein, as determined from fatigue tests of undemaged blades,
is shown in figure 3.

Damage was inflicted on the blade edges in the laboratory by shearing
hammer of a pendulum-type impect machine, 80 that the blade was struck on
the face near the edge. The method using the equipment shown in figure 4
simulates very closely the actusgl mechanism of damage to compressor biades
from forelgn objects during engine service.

- 0S6V
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The blades were fatigue tested with the pneumatic exeiters and re-
cording apperatus described in reference 1. Tip deflections of the vi-
brating blades were measured with an optical comparator.

RESULTS AND DISCUSSION

The critical point for the undamaged blades was found to be on the
suction surface at the thickest part of the cross section at a location
28.5 percent of the span distance from the base. The distribution of
vibratory stresses along airfoll elements 5/16 inch from the edges is
shown in figure 5 in nondimensional form, where the ratio of edge vibra-
tory stress (nominsl stress) to the vibratory stress level at the crit-
ical point is plotted agsinst the span location. Only the pressure-face
curves were used in the remainder of the investigation, slnce these gave
the meximum nominal stresses along the edges. The highest edge stress
was 64 percent of the vibratory stress level (as measured at the critical
point) and occurred 28.5 percent of the spanwise distence from the base

on the leading edge.

Nicks were inflicted at the critical-edge location to depths varying
Prom 1/32 to 1/16 inch, the range of depth being the result of lack of
control in impacting the blades. The resulta of fatligue testing these
blades are shown in figure 6. In this figure, data for blades that did
not fall when first fatigue tested and were subsequently retested at
higher stresses are shown in solid symbols. For the sake of speeding up
the fatigue testing, 1t is probably adequate to stop the testing at 107
cycles if a definite fatigue limit has been reached, instead of continuing
the tests to 108 cycles as is normally done to establish fatigue limits.
Since the natural frequency of these blades was about 200 cycles per sec-
ond, only 15 hours would have been required to reach 107 cycles, whereas
it took nearly a week to attain 108 cycles.

The rather large degree of scatier in figure 6 shows the need for
testing a sufficient number of blades. A curve is drawn at the lower
limit of the scatter. The fatigue limit of this curve, or the safe stress
level, occurs st gpproximately 423,000 psi. It is apparent that, 1f the
vibratory stresses in the blades during engine operation are always kept
below this alloweble vibratory stress for the damaged blades, there will
not be any danger of fatigue fallure. The validity of the method weas
checked by inflicting nicks at other locations on the blades and fatigue
testing them; the resulits were compared with the predicted limit stresses
for these locations.

The limit vibratory stresses for various locatlons slong the leading
and trailing edges of the airfoll were determined from equation (l) and
plotted in figure 7 against the log of cycles to failure. It can be seen
that only 1 out of 88 failure data points in figure 7 falls below the
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1imit lines, the deviation being 2 percent. The vast majority of data
polnts fell far sbove the limit lines. In addition to ‘the locations
shown in figure 7, a number of blades were damaged at approximately 6.25
and 73 percent of the spanwlse distence from the base at both the leading
and the tralling edges. None of these blades falled in fatigue at the
nicks. All failures started near or at the critical point of the un-
damaged blades and at combinations of stresses and cycles that fell on
the S-N curve of the blade material in figure 3. The limit vibratory
stress for the 6.25-percent locetion cannot be calculated, since the
stress distribution curves of figure 5 were not carried far enough end the
curves change too rapldly in this region to be extrapolated. For the 73-
Percent location, the limit stress would be 463,000 and +58,500 psi at
107 cycles for the leading and tralling edges, respectively. Since these
blades feiled effectively as undameged blades at high stresses and low
numbers of cycles, they would have actually failed at £80,000 psi (the
fatigue 1limit from fig. 3) in 107 cycles. On the basis of these fatigue
results, 1t would eppear that the limlt curves are a conservatlive basis

for lnspecting blades.

The series of limlt wvibratory stresses calculated by means of equa-
tion (1) for various damage locations (as shown in fig. 7) can be plotted
as_1n figure 8. Here it is assumed that the blades must undergo at least
107 cycles of r$peated stressing, and the limlt stresses are taken from

figure 7 for 10’ cycles.

In order to apply the limit chart of figure 8 to engine operating
conditions, the maximum vibretory stress that the undamaged blade under-
goes in the engine must also be plotted. The maximum-vibratory-stress
level in these blades measured under engine operating conditions in a
static test stand is reported in reference 3 as 16,000 psi. This value,
however, was measured by a strain gage on the suction surface near the
alrfoll base. This stress would correspond to +23,500 psi for the
meximum~vibratory-stress locatlon in the airfoil (the critical point).

To obtain the correct point of intersection between the limit curve
and the measured-vibratory-stress line, the limit vibratory stress should
be corrected for the effect of the steady-state stresses by the use of a
modified Goodmen diagram, as shown in figure 9. The ultimste tensile
strength used in the comstruction of the diagram was found by tensile
testing a specimen cut from a compressor blade. The endurance limit used
was found from figure 3. The steady-state stresses for the blade used
(centrifugal and gas bending) are reported in reference 1 as 15,400 psi.
The maximum working stress from figure 9 is then 84,000 psi. The allow-
able vibratory stress for undemaged blades not to fail is 84,000 - 15,400
psi or 68,600 psi. This represents a l4-percent decrease at every value
for the limit curves of figure 8. The same points of intersection between
the 1limit curve and the measured-vibratory-stress line can be obtained in
an easler manner; however, by applylng a correction to the measured-
vibratory-stress level in the engine at the maximum stress locatlion by

OCAY
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dividing it by 86 percent and keeping the same limit stresses. Thus, the
maximum vibratory stress based on engine operation becomes 27,300 psi.

On the basis of figure 8, for an expected vibratory stress of
£27,300 psi, all blades with edge nicks up to 1/16 inch deep, up to 50
percent of the distence from the base on the trailing edge and 52 percent
on the leading edge, would be rejected. Blades with nicks at all other
locgtlions would be accepted.

The results of fatigue testing a number of blades wilth reworked
nicks are shown in figure 10 and are compared with the Pfatigue tests for
unworked blasdes that were replotted from figure 6. The reworked blades
showed an incresse in fatlgue strength over unworked blades. Shot peen-
ing the area around the nicks proved inferior to filing the nicks to a
l/z-inch radius. For the limited amount of testing done, the safe vibra-
tory stress for the reworked blades was roughly twice that for the blades
with unworked nicks.

The 1limit curves for reworked blasdes are also shown in figure 8.
The reworked-blade limit curve was based on a safe stress level of
445,000 psi (from the limited data aveilable) from figure 10 for the
filed and polished nicks. It can be seen that 2ll the blades with demage
at the reject locations of the unworked limit curve could be reworked to
meke them perfectly safe for continued engine operation. No reworking
need be done to damaged blades that would have been accepted on the basls
of the unworked-blade limit curve, since unnecessary reworking is a waste
of time, money, and menpower. The reworked-blade 1imit curve indicates
when reworking is practicable. All reworking can be done on the fully
bladed compressor without dismantling the compressor and removing the
blades. If parts of the rework limlt curve are below the vibratory stress
line, all blades with damage in this region should be replaced. The effi-
clency of reworking damage probsbly depends largely on the blade material;
the more notch-sensitive it is, the greater would be the improvement in
Patigue strength. )

It must be emphasized that the limit chart must be redetermined every
time a change is made either to the blade shape or materisl. For certain
nonferrous materials (such as aluminum) that generslly have no sharply
defined endurance limit, this method will not be gpplicable, since in
these cases there cannot be a definite safe stress level at which elther
nicked or unnicked blades would never fail in fatigue. For these mate-
rials, because of the indeterminate fatigue 1imit, no nick should be
tolerated and any damsged blade should be replaced for the cases where
a long fatigue life is required. For & finite life, the alternative
method at the end of step 5 in the sectlon on procedure can be used for
these blede materials.
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CONCLUSIONS

A procedure has been worked out for drawing up limit charts that in-
dicate whether a blade damaged by foreign objects during engine operstion
should be accepted or rejected.

1. On the basls of experimental results on compressor rotor blades,
the method is Jjudged to be a realistic criterion for inspecting demaged
blades.

2. Filing out to a reasonable radius and polishing nicks in the
blades restored some of the fatlgue strength, although the extent of this
improvement probebly would vary with the blade materisl. Shot peening
appeared to be inferior to filing as a means of reworking nicks.

3. If the maximum vibratory stress measured for the blade in the
engine does not exceed the safe-vibratory-stress level, there is no dan-
ger of fatigue fallure of any damaged blade, regardless of the location
of the demage.

Lewis Flight Propulsion Iaboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, June 19, 1958
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Figure 2. - Instrumentation for measurement of nominal-vibratory-stress dis-
tribution near edges.
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